The production of φ mesons in the reaction e + p → e + φp (φ → K + K − ), for 7 < Q 2 < 25 GeV 2 and for virtual photon-proton centre of mass energies (W ) in the range 42-134 GeV, has been studied with the ZEUS detector at HERA. When compared to lower energy data at similar Q 2 , the results show that the γ * p → φp cross section rises strongly with W . This behaviour is similar to that previously found for the γ * p → ρ 0 p cross section. This strong dependence cannot be explained by production through soft pomeron exchange. It is, however, consistent with perturbative QCD expectations, where it reflects the rise of the gluon momentum density in the proton at small x. The ratio of σ(φ)/σ(ρ 0 ), which has previously been determined by ZEUS to be 0.065 ± 0.013 (stat.) in photoproduction at a mean W of 70 GeV, is measured to be 0.18 ± 0.05 (stat.) ± 0.03 (syst.) at a mean Q 2 of 12.3 GeV 2 and mean W of ≈ 100 GeV and is thus approaching at large Q 2 the value of 2/9 predicted from the quark charges of the vector mesons and a flavour independent production mechanism.
Introduction
The elastic photoproduction of φ mesons, γp → φp, has been studied in fixed target experiments [1, 2, 3] and at HERA [4] for photon-proton centre of mass (c.m.) energies (W ) up to 70 GeV. For W > 10 GeV, the reaction γp → φp displays the characteristics of a soft diffractive process: s-channel helicity conservation, a cross section rising weakly with W and an exponential t dependence (where t is the four-momentum transfer squared at the proton vertex) with a slope b(W ) which is also increasing slowly with W . Soft diffraction can be described by the exchange of a 'soft' pomeron Regge trajectory α(t) = α(0)+α t with an intercept α(0) = 1.08 and slope α = 0.25 GeV −2 . The intercept is determined from fits [5] to hadron-hadron total cross sections. The same intercept also describes the energy dependence of the photon-proton total cross section [6] . In addition, soft diffraction and the Vector Dominance Model can describe the energy dependence of both φ [4] and ρ 0 [7] elastic photoproduction at HERA energies.
In contrast, the same soft pomeron fails to describe the recently measured energy dependences of the cross sections at HERA for elastic J/ψ photoproduction [8] and the exclusive production of ρ 0 mesons [9, 10] in deep inelastic scattering (DIS) at large values of Q 2 , the negative of the four-momentum transfer squared of the exchanged virtual photon. It also fails to describe the inclusive DIS diffractive cross section [11] . The rapid rise with energy of the cross sections for exclusive vector meson production is consistent with recent perturbative QCD (pQCD) calculations [12, 13, 14] in which the pomeron is treated as a perturbative two-gluon exchange. In such calculations the large scale may be the mass of the vector meson for J/ψ photoproduction [12] , the Q 2 for exclusive DIS vector meson production [13] or a large value of t [14] .
Brodsky et al. [13] have studied the forward scattering cross section for DIS exclusive vector meson production by applying pQCD in the double leading logarithm approximation (DLLA). At high Q 2 and small Bjorken x the vector mesons are expected to be produced dominantly by longitudinally polarised virtual photons with a dependence for the longitudinal part of the differential cross section:
where A is a calculable constant and xg(x, Q 2 ) is the momentum density of the gluon in the proton. In view of the rapid rise of xg(x) at small x, as derived from HERA data [15] , Eq. (1) predicts a rapid rise of the cross section versus W at fixed Q 2 , substantially faster than the W 0.22 dependence expected for soft pomeron exchange. The predicted Q 2 behaviour resulting from Eq. (1) is, however, weaker than Q −6 as the combined Q 2 dependences of the strong coupling constant and the gluon momentum density provide an additional factor of ∼ Q 1−2 to the Q 2 dependence.
From the quark charges of the vector mesons and a flavour independent production mechanism, the ratio σ(φ)/σ(ρ 0 ) of exclusive production cross sections is expected to be 2/9 [16] . The pQCD prediction increases from 2/9 to 2.4/9.0 at asymptotically large Q 2 [13, 17, 18] . Experimentally, for photoproduction the ratio is found to be 0.076 ± 0.010 at W = 17 GeV [3] and 0.065 ± 0.013 at 70 GeV [4] . At larger Q 2 , NMC has determined that σ(φ)/σ(ρ 0 ) is ≈ 0.1 for 2 < Q 2 < 10 GeV 2 [19] . The NMC measurements are for W ≈ 15 GeV. It is of interest to determine this ratio at both large Q 2 and large W .
This letter reports a measurement of the exclusive cross section for φ mesons produced at large Q 2 by the process γ * p → φp at HERA. The data come from neutral current, deep inelastic positron-proton scattering:
in the Q 2 range 7 -25 GeV 2 , similar to that of the earlier fixed target experiments [19, 20] . However, they cover a lower Bjorken x region (4 · 10 −4 < x < 1 · 10 −2 ) or, equivalently, a higher W region (42-134 GeV). 
The ZEUS detector
A detailed description of the ZEUS detector can be found elsewhere [21] . The main components used in this analysis are outlined below.
Charged particle momenta are reconstructed by the vertex detector (VXD) [22] and the central tracking detector (CTD) [23] . These are cylindrical drift chambers placed in a magnetic field of 1.43 T produced by a thin superconducting coil. The vertex detector surrounds the beam pipe and consists of 120 radial cells, each with 12 sense wires. The CTD surrounds the vertex detector and consists of 72 cylindrical layers, organized in 9 superlayers covering the polar angle 1 region 15 o < θ < 164 o . Using the information from the CTD and the VXD for the twotrack events of this analysis, the event vertex can be reconstructed with a resolution of 0.4 cm in Z. The transverse momentum resolution for tracks traversing all superlayers is
The high resolution uranium-scintillator calorimeter CAL [24] is divided into three parts, the forward (proton direction) calorimeter (FCAL), the barrel calorimeter (BCAL) and the rear (positron direction) calorimeter (RCAL), which cover polar angles from 2. 
The position of positrons scattered at small angles with respect to the positron beam direction is determined by the Small-angle Rear Tracking Detector (SRTD) which is attached to the front face of the RCAL. The SRTD consists of two planes of scintillator strips, 1 cm wide and 0.5 cm thick, arranged in orthogonal directions and read out via optical fibres and photomultiplier tubes. It covers the region of 68×68 cm 2 in X and Y. A hole of 20×20 cm 2 at the centre accommodates the beampipe. The SRTD is able to resolve clearly single minimum ionising particles and has a position resolution of 0.3 cm and a timing resolution of better than 2 ns.
The luminosity was determined from the rate of the Bethe-Heitler process e + p → e + γp, where the photon is measured by a calorimeter [25] located at Z = −104 m in the HERA tunnel in the direction of the positron beam.
Triggering
Events were filtered online by a three level trigger system [21, 26] . At the first level, DIS events were selected by requiring a logical AND between two conditions based on energy deposits in the calorimeter. The first condition was the presence of an isolated electromagnetic energy deposit of greater than 2.5 GeV. The corresponding HAC energy was required to be either less than 0.95 GeV or no more than a third of the EMC energy. The threshold values have been chosen to give >99% efficiency for detecting positrons with energy greater than 5 GeV as determined by Monte Carlo studies. The second condition required that the EMC section have an energy deposit greater than 3.75 GeV. Background from protons interacting outside the detector was rejected using the time measurement of the energy deposits in the upstream veto counters and the SRTD.
At the second level trigger (SLT), background was further reduced using the measured times of energy deposits and the summed energies from the calorimeter. Events were accepted if
where E i and θ i are the energies and polar angles (with respect to the nominal vertex position) of calorimeter cells, and E γ is the energy measured in the luminosity monitor photon calorimeter. For perfect detector resolution and acceptance, δ SLT is twice the positron beam energy (55 GeV) for DIS events while for photoproduction events, where the scattered positron escapes down the beampipe, δ SLT peaks at much lower values.
The full event information was available at the third level trigger (TLT). Tighter timing cuts as well as algorithms to remove beam-halo and cosmic muons were applied. The quantity δ T LT was determined in the same manner as for δ SLT and was required to be δ T LT > 25 GeV − 2E γ . Finally, DIS events were accepted if a scattered positron candidate of energy greater than 4 GeV was found.
3 Kinematics of exclusive φ production Figure 1 shows a schematic diagram for exclusive φ production in the reaction
where N represents either a proton or a diffractively dissociated nucleonic system of mass M N . The kinematics are described by the following variables: the negative of the squared fourmomentum transfer carried by the virtual photon
where k (k ) is the four-momentum of the incident (scattered) positron; the Bjorken variable x = Q 2 /2P · q, where P is the four-momentum of the incident proton; the variable which describes the energy transfer to the hadronic final state y = q · P/k · P ; the c.m. energy, √ s, of the ep system, where s = (k + P)
2 ≈ 4E e E p = (300 GeV) 2 ; W , the c.m. energy of the γ * p system:
where M p is the proton mass; and t = |t − t min |, where t is the four-momentum transfer squared, t = (P − P ) 2 , from the photon to the φ, t min is the maximum kinematically allowed value of t and P is the four-momentum of the outgoing proton. The squared transverse momentum p 2 T of the φ with respect to the photon direction is a good approximation to t since t min is small, |t min | 10 −2 GeV 2 .
In this analysis, the φ was observed in the decay φ → K + K − . The three-momentum vector and energy (E φ ) of the φ was reconstructed from the kaon three-momenta as determined from the tracking detectors and assuming K ± masses for the charged particles. The production angles (θ φ and φ φ ) and momentum (p φ ) of the φ and the angles of the scattered positron (θ e and φ e ), as determined with the RCAL and SRTD, were used to reconstruct the kinematic variables x, Q 2 , etc. Using energy and momentum conservation, the energy of the scattered positron was determined from the relation
This relation assumes that M N = M p and that the transverse momentum of the proton is negligible compared to its longitudinal component. It provides a more accurate way to determine the scattered positron energy compared to the calorimeter energy measurement. The variable y is calculated from the expression y = (E φ − p φ cosθ φ )/2E e . The calculation of p 2 T also uses the momentum of the φ and the corrected positron momentum:
Event selection
The following off-line cuts were applied to select events from the reaction γ
• select a scattered positron with an energy, as measured in the calorimeter, greater than 5 GeV. The positron identification algorithm is based on a neural network using information from the CAL and is described elsewhere [27] . The efficiency of the identification algorithm is larger than 96% for the final data sample;
2 In the Q 2 range covered by this data sample, effects due to Z 0 exchange can be neglected.
•
GeV, where the sum runs over all calorimeter cells; this cut reduces the radiative corrections;
• require exactly two oppositely charged tracks associated with a reconstructed vertex and not associated with the positron;
• require each track within the pseudorapidity 3 range |η| < 1.75 (corresponding to 20 o < θ < 160 o ) and with a transverse momentum greater than 150 MeV. These cuts select the well understood and high efficiency region of the tracking detector;
• require that the Z coordinate of the vertex is in the range −50 to 40 cm;
• require E CAL /P φ < 1.5, where E CAL is the calorimeter energy excluding that due to the scattered positron and P φ is the sum of the absolute values of the momenta of the two oppositely charged tracks. This cut suppresses backgrounds with additional calorimeter energy unmatched to the tracks;
• reject photon conversion candidates (γ → e + e − ). The cut rejected two events in the φ mass range;
• require p 2 T < 0.6 GeV 2 ; this cut reduces the non-exclusive φ backgrounds. It also reduces background from proton dissociation which, from hadron-hadron diffractive scattering, is expected to have a flatter p 2 T distribution;
• select 1.01 < M K + K − < 1.03 GeV. Figure 2a shows a plot of the invariant mass of the K + K − system and demonstrates φ production at the large values of Q 2 and W of this experiment. Figure 2b shows a scatter plot of Q 2 versus x for the selected events. The acceptance at low Q 2 is limited by the requirement that the positron is well contained in the detector: the selected events are therefore restricted to Q 2 > 4 GeV 2 . The analysis presented here is limited to the region 7 < Q 2 < 25 GeV 2 . The track cuts limit the y range to 0.02 < y < 0.20 (42 < W < 134 GeV). A total of 43 events passed all of these selection requirements. These are shown as the shaded histogram in Fig. 2a .
Monte Carlo simulation and acceptance calculation
The reaction e + p → e + φp was modelled using the Monte Carlo generator, DIPSI [28] , which describes elastic vector meson production in terms of pomeron exchange with the pomeron treated as a colourless two-gluon system [12] . The model assumes that the exchanged virtual photon fluctuates into a quark-antiquark pair which then interacts with the two-gluon system. The cross section is proportional to the square of the gluon momentum density in the proton. The generator DIPSI does not include radiative corrections.
The input vertex distribution was simulated in accordance with that measured for unbiased photoproduction events. The generated events were passed through the ZEUS detector and trigger simulation programs as well as through the analysis chain. The same offline cuts were used for the Monte Carlo events and for the data. Good agreement is found between the Monte Carlo and data for the distributions of the kinematic variables.
The simulated events were used to correct the data for acceptance. The acceptance includes the geometric acceptance, reconstruction efficiencies, detector efficiencies and resolution, corrections for the offline analysis cuts and a correction for the M K + K − cut. The acceptance is shown in Fig. 2c as a function of Q 2 ; in the region 7 < Q 2 < 25 GeV 2 , the acceptance varies between 44% and 70%. It drops sharply below Q 2 = 4 GeV 2 and it also drops at small and large y. The acceptance is fairly constant at about 60% as a function of y, p 2 T or M K + K − in the selected kinematic region. The resolutions in the measured kinematic variables, as determined from the Monte Carlo events, are better than 4% for Q 2 and 2% for y, in the Q 2 , y region of this analysis.
The radiative corrections affecting the measured cross sections were calculated analytically at various points in the y − Q 2 plane and were found to be (10-15)% for the selection cuts used in the analysis and for the Q 2 and W dependences found in the data. They are taken into account in the cross sections given below. The corrections were found to be the same for φ and ρ 0 production to within 1%.
6 Analysis, cross sections and results
Background estimates
Backgrounds to the exclusive reaction (2) are from φ events with additional undetected particles, from ρ 0 and ω production and from proton dissociation events where the system N in reaction (4) has a small mass M N and does not deposit energy in the detector. Studies of the unpaired bunches determined the beam-gas background to be negligible. The photoproduction background is also found to be negligible because of the requirements on the y range of the measurement and the high energy for the scattered positron.
In order to estimate the non-resonant background, a non-relativistic Breit-Wigner (B-W), convoluted with a Gaussian, on a flat background is fit to the mass spectrum of Fig. 2a between  1 .00 and 1.05 GeV. The B-W width was fixed at the Particle Data Group (PDG) value of 4.43 MeV [29] . The resulting φ mass is 1019.4 ± 0.4 MeV, to be compared with the PDG value of 1019.413 MeV. The r.m.s. of the Gaussian is found to be approximately 2 MeV, consistent with the resolution expected from tracking. The resulting background under the φ signal (1.01 to 1.03 GeV) is estimated to be (14 ± 7 +4 −7 )%. The systematic error includes the uncertainties from varying the shape of the background and the mass region that is fitted.
Since the proton was not detected, the proton dissociation background contribution had to be subtracted. Due to the limited statistics, the percentage of proton dissociation background for the φ events was assumed to be the same as that determined for the ρ 0 events, i.e. (22 ± 8 ± 15)% [9] .
The overall factor to correct for background is then ∆ = (0.86 × 0.78 = 0.67 ± 0.17). Unless explicitly stated otherwise, this background was subtracted as a constant fraction for the cross sections given below.
The ep cross section
The cross section, measured in the kinematic region defined above, is obtained from
where N (= 43) is the observed number of events after all cuts, ∆ is the background correction factor, A i is the bin-by-bin acceptance (which averages 58.7% as discussed above), L int is the integrated luminosity of 2.62 pb −1 , B = 0.491 is the φ → K + K − branching ratio [29] and C = 1.12 is the average correction for QED radiative effects. The corrected ep cross section for exclusive φ production at √ s = 300 GeV is σ(e + p → e + φp) = 0.034 ± 0.007 (stat.) ± 0.011 (syst.) nb, integrated over the ranges 7 < Q 2 < 25 GeV 2 , 0.02 < y < 0.20 and p 2 T < 0.6 GeV 2 .
The quoted systematic uncertainty is derived from the following (the corresponding value is given in parentheses):
• the E CAL /P φ cuts used to remove non-exclusive backgrounds were varied from 1.3 to 1.7. In an alternate background estimate, tracks were matched to the calorimeter energy deposits and events containing an unmatched cluster with energy in excess of 0.3 or 0.4 GeV were discarded (5%);
• the cut on the impact position of the positron was varied by 4 mm, the positron energy cut was varied and the δ cut was varied from 30 to 40 GeV (13%);
• the cuts on the tracks were varied. The lower cut on the transverse momentum was varied between 0.1 and 0.2 GeV and different polar angle selections were made (4%);
• the cuts on the M K + K − region were varied by ± 2 MeV (7%);
• cuts were applied to the opening angle between the two charged particles. Because of the low Q-value for the φ → K + K − decay, the charged decay particles have a small opening angle. This study checks the simulation of the ability of the CTD to resolve two close tracks (5%);
• the cut on the vertex position was varied by 10 cm (5%);
• the Q 2 , y, p 2 T and helicity decay dependence in the DIPSI Monte Carlo model was varied (3%).
Adding these systematic uncertainties in quadrature (18%) to those from the background correction (25%), the luminosity determination and first level trigger efficiency (3.5%) and the radiative corrections (10%) yields 32% as the overall systematic uncertainty.
The γ * p cross sections
The ep cross section can be converted to a γ * p cross section as follows. The differential ep cross section for one photon exchange can be expressed in terms of the transverse and longitudinal virtual photoproduction cross sections as:
The virtual photon-proton cross section can then be written in terms of the positron-proton differential cross section:
where Γ T , the flux of transverse virtual photons, and , the ratio of the longitudinal to transverse virtual photon flux, are given by
.
Throughout the kinematic range studied here, is in the range 0.97 < < 1.
Using Eq. (7), σ(γ * p → φp) was determined with Γ T calculated from the Q 2 , x and y values on an event-by-event basis. The resulting cross sections in two ranges of Q 2 are
2 GeV 2 and < W >= 94 GeV and σ(γ * p → φp) = 3.1 ± 0.7 (stat.) nb for < Q 2 >= 14.7 GeV 2 and < W >= 99 GeV.
The 32% overall systematic uncertainty on σ(ep) applies to both values for σ(γ * p → φp). After correcting for the different < W > and assuming a Q 2 dependence of the form Q −2α one finds 2α = 4.1 ± 1.2(stat.). This value agrees, within errors, with the result found for the exclusive ρ 0 production 2α = 4.2 ± 0.8(stat.)
−0.5 (syst.) [9] .
φ decay distribution
The φ s-channel helicity decay angular distribution, H(cosθ h , φ h , Φ h ), can be used to determine the φ spin state [30] , where θ h and φ h are the polar and azimuthal angles, respectively, of the K + in the φ c.m. system and Φ h is the azimuthal angle of the φ production plane with respect to the positron scattering plane. The quantisation axis is defined as the φ direction in the γ * p c.m. system. After integrating over φ h and Φ h , the cosθ h decay angular distribution, shown in Fig. 2d , can be written as:
where r 04 00 is a particular linear combination of density matrix elements and represents the probability that the φ is produced in the helicity zero state.
A
production with proton dissociation, which is expected to have a similar helicity. The first uncertainty is statistical, and the second is derived from the variations of the result when different ranges in cosθ h were used in the fit, when the systematic studies of section 6.2 were used or when a flat background of 15% was included. This result is in sharp contrast to the measurement at Q −0.1 [9] . For the NMC φ data r 04 00 = 0.84 ± 0.18 and = 0.75 [19] .
6.5 The W dependence of the γ * p → φp cross section Figure 3 shows a compilation [2, 19, 31, 32, 33] of photoproduction and selected leptoproduction exclusive φ cross sections. In this figure the cross section
is plotted as a function of W . To obtain R, SCHC has been assumed, as discussed above. In In addition, the NMC deuterium data have been corrected to obtain φ production off a nucleon using a factor 6 of 0.94±0.02 [18] . To compare with results from the NMC experiment, which has determined exclusive φ cross sections integrated over all p 2 T , a 4.5% correction is applied to the ZEUS data to account for the cross section in the p 2 T range between 0.6 and 1.0 GeV 2 based on the slope of the distribution measured in the ρ 0 analysis [9] .
The γp → φp cross section for real (Q 2 = 0) photons [4] shows only a slow rise, consistent with soft pomeron exchange (as shown by the dashed line which represents a W 0.22 dependence). At medium Q 2 (< 8 GeV 2 ), no high energy data are yet available. At higher Q 2 , the ZEUS values of the cross sections are significantly larger than those of the NMC experiment. Figure 3 shows that the cross sections rise strongly with increasing W . At Q 2 = 8.2 and 14.7 GeV 2 , the strong increase in the γ * p → φp cross sections between 12 (NMC data) and 100 GeV (ZEUS data) is in contrast to that expected from the Donnachie and Landshoff model [35] based on the energy dependence given by the soft pomeron. However, it is similar to that observed previously for the DIS ρ 0 production [9] and for J/ψ photoproduction [8] . It is also in qualitative agreement with pQCD calculations in which vector meson production is related to 4 Backgrounds due to photon conversions and ρ 0 → π + π − tend to populate the regions |cosθ h | > 0.8. 5 Since the EMC [20] and NMC data cover approximately the same kinematic region, the more recent NMC data [19] have been chosen to make comparisons. 6 If instead, one corrects [33] for the incoherent contribution (0.77±0.10) as well as a d/p (normalised per nucleon) ratio of 0.77± 0.21, as measured by E665 [34] , one obtains a factor of 1.0±0.3. These measurements are for ρ 0 production and the φ data are assumed to behave in a similar manner.
the square of the gluon momentum density [13, 18] . As displayed in Eq. (1), these calculations are for only the longitudinal part of the forward differential cross section.
A functional dependence σ ∼ W k with k = 0.92 ± 0.08 ± 0.16 has recently been obtained for the inclusive γ * p→X + N diffractive scattering cross sections for excitation masses M X up to 15 GeV [11] . The exclusive DIS φ vector meson data show a similar behaviour (see the solid line in Fig. 3 which is a ∼ W 0.9 dependence).
6.6
The ratio of φ to ρ 0 production
The ratio of the production cross sections for φ and ρ 0 may be determined using the previously published ρ 0 measurement [9] . Scaling the ρ 0 data to the same < Q 2 > and < W > with a Q −4.2 and W 0.8 dependence, and with the assumption that the proton dissociation background and the radiative corrections are identical, a value of σ(φ)/σ(ρ 0 ) = 0.18 ± 0.05 (stat.) ± 0.03 (syst.) is obtained at < Q 2 > = 12.3 GeV 2 and < W > = 98 GeV. The statistical error comes from adding in quadrature the statistical errors for the φ and the ρ 0 [9] cross sections. The systematic error comes from combining in quadrature the systematic errors for the φ and the ρ 0 [9] . The correlated uncertainties which include contributions from the proton dissociation background and radiative corrections are excluded. This result is shown in Fig. 4 as a function of Q 2 along with similar data from the NMC experiment [19, 33] . Also shown is a recent determination at W ≈ 70 GeV and Q 2 ≈ 0 [4] giving σ(φ)/σ(ρ 0 ) = 0.065±0.013 (stat.). As previously noted by the EMC experiment [20] , the ratio for Q 2 values between 2 and 10 GeV 2 is larger than that at Q 2 ≈ 0. The measurement from ZEUS is consistent with the value of 2/9 expected from the quark charges and a flavour independent production mechanism.
Summary
Exclusive φ production has been studied in deep inelastic e + p scattering at Q 2 values between 7 and 25 GeV 2 and in the γ * p centre of mass energy (W ) range from 42 to 134 GeV. The γ * p → φp cross sections at these large Q 2 values are significantly larger than the NMC results, indicating a strong dependence on W between the lower NMC energy and HERA, in contrast to the behaviour of the elastic φ photoproduction cross section.
The dependence is similar to that observed for the reaction γ * p → ρ 0 p and for the elastic photoproduction of the J/ψ and is in qualitative agreement with the strong energy dependence expected from pQCD calculations [12, 13, 17] which relate these cross sections to the rise in the gluon momentum density in the proton at small x. A steep W dependence is also observed in inclusive DIS diffractive scattering [11] and in the γ * p total cross section [15] .
The data suggest that the cross section for exclusive vector meson production by real or virtual photons has a strong energy dependence at large W -values whenever a hard scale (Q 2 or M 2 J/ψ ) is present. The ratio of σ(φ)/σ(ρ 0 ) of 0.18 ± 0.05 ± 0.03 at < Q 2 > of 12.3 GeV 2 is significantly larger than the value observed in photoproduction at the same W and is approaching the expected value of 2/9.
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